Increased export of transglutaminase-2 (TG2) by tubular epithelial cells (TECs) into the surrounding interstitium modifies the extracellular homeostatic balance, leading to fibrotic membrane expansion. Although silencing of extracellular TG2 ameliorates progressive kidney scarring in animal models of CKD, the pathway through which TG2 is secreted from TECs and contributes to disease progression has not been elucidated. In this study, we developed a global proteomic approach to identify binding partners of TG2 responsible for TG2 externalization in kidneys subjected to unilateral ureteric obstruction (UUO) using TG2 knockout kidneys as negative controls. We report a robust and unbiased analysis of the membrane interactome of TG2 in fibrotic kidneys relative to the entire proteome after UUO, detected by SWATH mass spectrometry. The data have been deposited to the ProteomeXchange with identifier PXD008173. Clusters of exosomal proteins in the TG2 interactome supported the hypothesis that TG2 is secreted by extracellular membrane vesicles during fibrosis progression. In established TEC lines, we found TG2 in vesicles of both endosomal (exosomes) and plasma membrane origin (microvesicles/ectosomes), and TGF-b1 stimulated TG2 secretion. Knockout of syndecan-4 (SDC4) greatly impaired TG2 exosomal secretion. TG2 coprecipitated with SDC4 from exosome lysate but not ectosome lysate. Ex vivo, EGFP-tagged TG2 accumulated in globular elements (blebs) protruding/retracting from the plasma membrane of primary cortical TECs, and SDC4 knockout impaired bleb formation, affecting TG2 release. Through this combined in vivo and in vitro approach, we have dissected the pathway through which TG2 is secreted from TECs in CKD. 
(TECs) into the surrounding interstitium are significant features of progressive kidney scarring. [3] [4] [5] TG2 is the most widespread member of a family of Ca 2+ -dependent enzymes, and it is able to catalyze an acyl transfer reaction between peptide-bound glutamine residues and peptide-bound lysine residues, leading to the posttranslational modification of proteins through the formation of intra-or intermolecular N«(g-glutamyl)lysine bonds. After it is outside the cell, TG2 accelerates the deposition of available extracellular matrix (ECM) substrates and confers ECM resistance to proteases. 4 Furthermore, TG2 enhances TGF-b activation, [6] [7] [8] the prototypical profibrotic cytokine in CKD. 9 Inhibition of extracellular TG2 activity 10, 11 or knockout (KO) of the heparan sulfate (HS) proteoglycan syndecan-4 (SDC4), 12 which is responsible for TG2 extracellular trafficking through an undiscovered mechanism, 13 ameliorates kidney fibrosis in experimental models of CKD.
Despite a link between externalization of TG2 and tubulointerstitial fibrosis that is well established, 10 the pathway through which TG2 is secreted from TECs, a major source of TG2 in CKD, 4 has not been fully elucidated, because TG2 lacks the leader peptide for the classic endoplasmic reticulum-Golgi secretory pathway. Preliminary work on TG2 release by TECs has suggested that an intact fibronectin (FN)-binding N-terminal b-sandwich domain is crucial for TG2 secretion but that the extracellular trafficking of TG2 is independent of FN. 14 Alternative secretory pathways have been proposed, 15 either investigated in transfected NIH3T3 fibroblasts involving TG2 loading into recycling endosomes at the perinuclear recycling compartment, small Rab11 GTPase activity, and binding to endosomal phosphoinositides 16 or in transfected HEK293 cells involving opening of a purinergic P2X7 receptor-dependent membrane pore. 17 Furthermore, we know that the association of TG2 with the HS proteoglycan SDC4 favors the enzyme secretion in mouse dermal fibroblasts 13 and in vivo. 12 With the aim of unraveling the mechanism of TG2 secretion in CKD, in this study, we report a comprehensive and unbiased analysis of the membrane interactome of TG2 in kidneys subjected to unilateral ureteric obstruction (UUO). An enrichment of extracellular vesicle (EV) proteins was identified in TG2 membrane complexes. This formed the hypothesis of an EV-dependent secretion for TG2. This hypothesis was tested in established TEC lines and primary TECs. Our findings suggest, for the first time, a pathway through which TG2 is secreted from TECs and reveal the involvement of SDC4 in CKD pathogenesis.
RESULTS

Quantitative Proteomic Approach for the Analysis of TG2 Interactome in UUO Kidneys
Induction of renal fibrosis was performed in wild type (WT) and TG2-KO animals. TG2
2/2 and TG2 +/+ inbred C57BL/6J mice were subjected to UUO of the left kidney or a sham operation, and kidneys were harvested at 21 days postsurgery. WT UUO kidneys were positive to a-smooth muscle actin ( Figure 1A ), displayed a significantly higher level of active TGF-b (mink lung epithelial cell assay) ( Figure 1B) , and showed increased collagen deposition in the interstitium and Figure 1 . A UUO model in WT and TG2 KO kidneys shows that absence of TG2 reduces the development of experimental fibrosis. TG2 KO and WT mice were subjected to UUO or a sham operation. (A) Western blot analyses for the expression of TG2, a-SMA, and cyclophilin-A (PPIA; loading control) in the obstructed kidneys (21 days). Data represent mean band intensities normalized to PPIA relative to the WT sham-operated control (equalized to one) 6SEM; n=3 kidney lysates per group. (B) Active and total TGF-b quantified via the mink lung epithelial cell bioassay. Data represent the ratio of active TGF-b to total TGF-b expressed relative to the WT shamoperated control (equalized to one) 6SEM; n=3 kidney lysates per group. (C) Representative micrographs of Masson's trichrome staining; scarring index was determined as the ratio of collagen staining (light blue) over cytoplasmic staining (pink). Data represent mean values relative to the WT sham (equalized to one) 6SEM; n=24 nonoverlapping fields per treatment covering tubular and glomerular areas. Magnification, 320. *P,0.05; **P,0.01; ***P,0.01; ****P,0.001. Figure 1C) . Notably, TG2-null UUO kidneys had a lower level of a-smooth muscle actin ( Figure 1A ) and active TGF-b ( Figure 1B) . Moreover, TG2-null kidneys displayed a reduced level of collagen deposition as confirmed by image analysis ( Figure 1C ). These data reveal that TG2 expression is important in fibrosis development post-UUO, because the disease develops more slowly if TG2 is absent from the extracellular environment.
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To identify protein partners of TG2 in the murine UUO model of CKD (the "TG2 interactome"), we combined TG2 immunoprecipitation (IP) from whole-kidney membrane preparations of WT and TG2-null kidneys, sham and UUO, with quantitative proteomics by sequential window acquisition of all theoretical fragment ion spectra (SWATH) mass spectrometry (MS). 18 The TG2 IP proteome from the TG2 KO was subtracted from the respective TG2 IP WT proteome to reveal only the TG2-dependent interactions. An outline of this original approach is shown in Figure  2A . Cytosol and membrane fractions from WT and TG2 KO kidneys were validated by detection of Na + /K + ATPase, which was solely displayed by the membrane lysate, and b-tubulin, which was present in both fractions ( Figure 2B ). TG2-associated complexes were isolated by IP using magnetic beads coated with anti-TG2 antibody. Western blotting confirmed the presence of TG2 in WT fractions ( Figure 2B ); additionally, SDS-PAGE followed by Coomassie blue staining revealed the presence of TG2-associated proteins in the membrane lysate of WT kidneys immunoprecipitated with anti-TG2 antibody and a very low level of proteins in TG2-null kidneys processed in the same way ( Figure 2C ). Proteins recruited by the anti-TG2 antibody beads were analyzed by quantitative proteomics. We used SWATH acquisition MS 18 to resolve proteomes at the highest possible sensitivity, reproducibility, and proteome coverage. To avoid bias from individual donors and achieve generalizable results, we performed five independent IP experiments, each on the basis of lysates generated from two animal donors, and a sixth IP to build the spectral library as outlined in Figure 2D ; we used only male mice to avoid any sex/hormonal bias. Differences between WT and TG2-null precipitated proteins (representing the background) were established by a paired sample z test after analysis by SWATH processing (Figure 2 , A and D, Supplemental Material). In this way, we could distinguish TG2-dependent protein recruitment from nonspecific background. However, not all of the TG2-associated proteins were expected to be directly bound to Figure 2 . A comparative proteomic approach for the analysis of TG2 interactome in kidney fibrotic membranes. (A) Workflow of the strategy for the isolation of TG2-interacting proteins. TG2 was immunoprecipitated from kidney membrane fractions obtained from WT and TG2-null kidneys (used as negative controls). TG2-associated proteins were isolated by IP using a monoclonal anti-TG2 antibody (IA12) crosslinked to magnetic beads. The TG2 coimmunoprecipitates (TG2 IP) were proteolytically digested directly on beads and analyzed via SWATH acquisition MS. Five TG2 IP samples per treatment were analyzed by data-independent acquisition (DIA) using 34 static SWATH windows of m/z 15. A spectral library, produced by shotgun/datadependent acquisition (DDA) MS on a pool of all samples, was used for extracting the SWATH quantitative data. Differences between WT and TG2 KO precipitated proteins (representing the background) were identified by a paired sample z test, leading to the TG2 interactome. Figure 2E ). This is not surprising, because TG2 becomes activated in disease both in terms of export 4, 8 and in terms of enzymatic activity. 19, 20 There was a considerable cluster of proteins uniquely part of the UUO TG2 interactome (44.7%) or exclusively associated with TG2 in the normal kidneys (43.8%) ( Figure 2E ). Membrane proteins previously reported to be exclusively located in nucleus and mitochondrial membranes were manually selected from the SWATH MS dataset according to the subcellular localization database "COMPARTMENTS" and UniProtKB (Supplemental Figure  1) . Ribosomal proteins and Igs found in the membrane preparation are shown in Supplemental Figure 3B ]), but there were also unexpected absences, such as the integrin family. This may be because of the transitory nature of integrin complexes, which can be only effectively captured by stabilizing the interaction with a chemical crosslinker. 21 Desmoplakin (involved in interepithelial cell adhesion), F-actin capping protein (CAZA2), and profilin-1 (PROF1; involved in actin cytoskeleton remodeling) were new highly significant partners of TG2 in UUO. Proteins that had never been associated or connected with TG2, such as a series of vesicular trafficking proteins like clathrin and adaptor proteins (CLCA, CLCB, AP2A1, AP2A2, and AP2B1), sorting nexins (SNX1 and SNX4), Alix (PDC6I), flotillin-2 (FLOT2), and heat shock cognate 71-kD protein (HSP7C), formed a large part of the TG2 UUO interactome ( Figure 3B ). Moreover, redox regulation proteins, such as glutathione peroxidase-1, glutaredoxin-1 (GLRX1), and GLRX3, were significant TG2 partners in the UUO ( Figure  3B ). There was a definite difference in the composition of the TG2 partners between the UUO and normal (sham) status, and proteins associated with TG2 uniquely in the UUO state were likely to influence its trafficking, activity, and regulation in fibrosis. Network analysis of the TG2 interactomes built using the STRING v10 bioinformatics tool (on the basis of known and predicted protein-protein interactions) showed a clear cluster of proteins associated with membrane vesicles ( Figure 4A , light blue), redox regulation ( Figure 4A , pink), and cytoskeletal dynamics ( Figure 4A , orange) in the UUO kidney. In contrast, in the TG2 interactome of the normal kidney ( Figure 4B ), there were changes in the topology of interconnections among the same functionally related protein groups, which were less represented, but denser clusters of metabolic proteins were evident ( Figure 4B ). Therefore, TG2 clearly becomes more interactive with vesicular trafficking proteins in the UUO as well as proteins linked to actin dynamics and ECM events.
Matching of the TG2 Interactome with the UUO Proteome To exclude any concentration-dependent association with TG2, we evaluated if the proteins of the TG2 UUO interactome were also over-represented in the UUO proteome or associated with TG2 without being upregulated in the UUO. To this aim, we profiled the UUO and sham-operated kidney proteomes by 58 (P#0.05; n$4) of n=5 independent experiments, which combined TG2 IP and SWATH MS, using the TG2-null mice as background control (as outlined in Figure 2 , A and D). Nuclear and mitochondrial membrane proteins (Supplemental Figure 1) as well as ribosomal proteins (Supplemental Table 1 ) were manually removed. Proteins are denoted by full name and UniProtKB protein entry name (identification), and they are listed according to the specificity of the interaction with TG2 (P value). U/S, TG2-associated proteins in UUO and sham control membranes; U, TG2-associated proteins uniquely found in UUO membranes. Tables 2 and 3 ). This was necessary, because current UUO proteomes are of limited coverage. 22 Of the 2106 proteins quantified in the UUO proteome, 195 were significantly upregulated in kidneys post-UUO (Supplemental Table 2 ), and 458 were downregulated (Supplemental Table 3 ) (confidence .80%). Original processed data are provided as Supplemental Appendix 2. TG2 signal was increased but only less than twice the physiologic level (1.71-fold) (Supplemental Table 2 , TGM2), consistent with prior observations that UUO leads to an increase The association was evaluated as described in Table 1 . U/S, TG2-asociated proteins in UUO and sham-operated membranes; S, TG2-associated proteins uniquely found in sham-operated membranes. in TG2 secretion rather than expression. 12 Protein class annotation terms were associated with ECM components, cytoskeletal organization, and cell adhesion, forming significant clusters of the UUO proteome (P#0.05) ( Figure 5A , Supplemental Table 4A ). Among the proteins most significantly associated with TG2 in the UUO kidney (P#0.001 in Table 1 ), which were also intensified in the UUO proteome ( Figure 5C , right panel), there were periostin (a marker of progressive kidney injury in animal models of CKD), 23 myosin-1D, PROF1, CAZA-2, heat shock protein b1, FN, laminin, collagen (COCA1), and actin nucleation complex ARC1B. A number of these TG2 partners sat in pathways over-represented in the UUO model ("ECM-receptor interaction" and "regulation of the actin cytoskeleton") (Supplemental Figure 2) , suggesting that they act in synergy with TG2 in fibrosis progression. However, a significant level of TG2 partners, such as HSP7C, SDC4, and the antioxidant proteins glutathione peroxidase-1 and GLRX1 ( Figure 5C , left panel), was either decreased or was not significantly over-represented in the UUO proteome, raising the possibility that they could be essential partners of TG2, some of which were potentially implicated in the externalization pathway of TG2 post-UUO.
TG2 Association with Exosomal Proteins Post-UUO
The TG2 interactome has revealed that TG2 primarily interacts with a number of proteins associated with vesicular trafficking and EVs, especially in the UUO condition. When the TG2 partners identified in the UUO model (Table 1) were matched with proteins collected in the EVs (exosome) database ExoCarta (and its compendium Vesiclepedia), almost all proteins associated with TG2, either directly or indirectly, were nominated in the database (Table 3) . These included the prominent exosome marker Alix (PDC6I), HSP7C, PROF1, FLOT2, and heat shock protein HSP90-a, all among the top 50 proteins reported in exosomes. Other significant exosomal TG2 partners less recurrent in the exosome database were PRDX2, RAB1A, and SDC4 (Table 3) . These findings support the hypothesis that TG2 may be trafficked and externalized via EVs, either of endosomal origin (exosomes) or shed from the PM (ectosomes).
TG2 Secretion via Exosomes and Ectosomes in Established Epithelial Cell Lines
Previous reports have shown that TG2 is mainly secreted by TECs, although renal fibroblasts and mesangial cells are less investigated sources. 4, 5 To test the hypotheses that TG2 is externalized in the UUO in EVs and that this pathway is increased in the pathologic state, we used an established rat renal TEC line (NRK52E) stably transfected with EGFP-tagged TG2 to facilitate tracking of TG2. Exosomes and ectosomes were Figure 4 . The interactome of TG2 in UUO and sham control kidney reveals increased interactivity of TG2 with proteins related to vesicular trafficking, cytoskeleton, and ECM dynamics in the UUO model. The protein interaction network built from TG2-associated proteins in (A) UUO and (B) sham-operated kidney membranes was mapped against the M. musculus reference database using String V10.0 (http://stringdb.org). Candidates were selected using both known and predicted protein interactions and a threshold confidence level of 0.4 (default). Networks were imported in Cytoscape and color coded according to the main functional nodes. The thickness of the lines is proportional to the confidence of the interactions.
isolated from the supernatant of cells according to standard protocols 24, 25 ( Figure  6A ). After removal of cells and cellular debris, ectosomes were recovered by differential centrifugation in the P3 fraction (2.97310 7 particles per 1 ml medium) and smaller exosomes were recovered in the P4 fraction (5.89310 7 particles per 1 ml medium) as revealed by tunable resistive pulse sensing analysis with a qNano instrument ( Figure 6B ). The EV-free medium was collected (S4), and all nonvesicular proteins were recovered by TCA precipitation. The fractions were subjected to Western blot analysis using antibodies toward the EV marker FLOT2 ( Figure 6C ).
To test for the presence of TG2 in the EVs fractions, equal amounts of proteins (20 mg) extracted from ectosomes (P3) and exosomes (P4) and those from the vesicles-free medium (S4; after TCA protein precipitation) were immunoprobed using antibodies against TG2 and the EGFP tag. Both endogenous (75 kD) and EGFP-tagged TG2 (100 kD) were clearly present in the exosomes (P4) and in lower amounts in the ectosome (P3) fraction ( Figure 7A ). Densitometric analysis of TG2 relative to FLOT2 revealed a trend of enrichment of TG2 in the exosome fraction (P4) ( Figure  7A ). Cells were also stimulated by recombinant TGF-b1 (10 ng/ml) to simulate conditions of fibrogenesis in vitro. TGF-b1 did not change the level of TG2 in the total cell lysate (TL) but caused a trend of increase in the exosome-associated TG2 ( Figure 7B ). The cytokine affected the expression of FLOT2 in TL and EVs but without reaching significance ( Figure 7B ). When the same experiment was conducted in the nontransfected NRK52E cells, TG2 was present prevalently in exosomes (Figure 7C) . Treatment with TGF-b1 caused a trend of increase in TG2 in the exosomal fraction, which became enriched in TG2 relative to FLOT2 expression. As an additional analysis, we isolated exosomes and ectosomes from an established renal fibroblast cell line (NRK49F). TG2 was present in the ectosomal and exosomal fractions, and the band was increased by TGF-b1 (Supplemental Figure 3) . The EV-free medium (S4) was also collected from both the EGFP-TG2 NRK52E clone and the WT NRK52E, and all proteins were recovered (n=458) on UUO compared with sham control (confidence $80%) was performed in PANTHER using the relative annotation terms ontologies. Each pie chart sector represents the percentage of the proteome belonging to the specific PANTHER class over the total number of class hits. (C) Interrogation of the UUO proteome (confidence $50%) with the TG2-interacting proteins identified in UUO kidney membranes (P#0.05) and reported in Table 1 . The 122 proteins specifically associated with TG2 in UUO kidney membranes were plotted on the ordinate axis according to the significance (P value) of TG2 association and the abscissa according to their expression in the UUO kidney proteome compared with sham control proteome: log 2 (UUO/sham). A positive value on the abscissa indicates the increased signal of a given TG2-associated protein partner on UUO compared with the sham-operated condition (UUO/sham .1), and a negative value indicates its decreased signal on UUO (UUO/sham ,1). by TCA precipitation. A trace of endogenous TG2 was occasionally present freely in the culture medium (S4) of NRK52E-expressing EGFP-TG2 on TCA precipitation ( Figure 7 , A and B), and TG2 immunoreactivity was seen in high molecular weight polymers in the S4 fraction of WT NRK52E ( Figure  7C ). Our data suggest that the free TG2 may be transient and unstable and that it either self-polymerizes or becomes incorporated in circulating proteins ( Figure 7C , asterisk); moreover, it is not increased by TGF-b1 ( Figure 7 , B and C).
To gain insights into the location of TG2 within EVs, we devised an experiment aimed at measuring the catalytic activity of TG2 of whole EVs and lysed EVs (providing the total EVs homogenate) isolated from NRK52E cells. As a control, we also measured TG2 activity in lysed cell homogenates and whole cells. In the ectosomes (P3), TG2 activity was similar in the intact vesicles and vesicles lysed in a buffer dissolving cytosolic proteins; in the exosomes (P4), there was a higher proportion of TG2 detected in the intact particles compared with the EV lysate, suggesting that TG2 is enriched on the surface of exosomes but without reaching significance (P=0.14). No TG2 activity was detected in the EV-free medium, and levels of TG2 were similar on the surface of NRK52E cells and in the cell lysate ( Figure 7D) .
Collectively, these results show that TG2 is clearly present in EVs and suggest that TGF-b1 directs TG2 toward exosome secretion.
Inhibition of Neutral Sphingomyelinase Affects Exosome Release of TG2
In several mammalian cell types, the biogenesis of exosome secretion depends on sphingomyelinase for the production of ceramide of which exosomes are rich. 26 We, therefore, investigated whether the sphingomyelinase inhibitor GW4869, which blocks neutral sphingomyelinase (N-SMase), affected exosome release of TG2. After treatment of NRK52E-expressing EGFP-TG2 with GW4869 (10 mM) for 16 hours, 27 FLOT2 was decreased in the exosomal fraction (P4) (Figure 8A ), consistent with a reduction of total exosome release, and this was accompanied by a marked reduction of TG2 in the same fraction ( Figure 8A ). The ectosome fraction (P3) did not seem to be sensitive to inhibition of N-SMase as previously described in glial cells, 24 and GW4869 produced no difference in the ectosome release of TG2 ( Figure 8A ). Vesicular export of TG2 was visualized by immunofluorescence staining using high-resolution confocal microscopy in EGFP-TG2-expressing NRK52E cells. Extracellular TG2 was detected by an anti-EGFP antibody in nonpermeabilized cells (denoted by the red fluorescence), whereas the green fluorescence represents the total EGFP-TG2. Minimum washing of the monolayer before fixation to prevent exosome loss revealed an intense punctate pattern of extracellular EGFP-TG2 staining, which was increased in TGF-b1-stimulated cells. GW4869 visibly inhibited extracellular EGFP-TG2 staining, suggesting that it inhibits TG2 export ( Figure 8B ). EGFP fluorescence visualization of exosomes isolated from NRK52E-expressing EGFP-TG2 and incubated with WT NRK52E revealed a similarly punctuated staining, which was retained in the WT NRK52E monolayer after several washes, suggesting that this consists of EVs containing EGFP-TG2 ( Figure 8C, 2Hep) . Pretreatment of NRK52E with heparitinase to remove the HS chains before addition of EGFP-TG2-containing exosomes reduced the exosome uptake by 49% (P,0.01) ( Figure 8C, +Hep) , suggesting a role for cell surface HS in the capturing of EVs.
To attenuate the formation of ectosomes, we used the inhibitor of Na + /H + exchanges amiloride, which interferes with the activity of the efflux pumps expressed on acidic vacuoles and the exocytosis of micropinosomes. [28] [29] [30] [31] Ectosomes (P3) formed in a greater proportion than exosomes (P4) in a short time of incubation (10 minutes) as previously shown, 32 and they were revealed by the faint FLOT2 staining in the exosome fraction ( Figure 8D ). Amiloride incubation lowered FLOT2 in the ectosomes (P3), being that amiloride is an inhibitor of MV formation, 33 and consistent with this, there was a reduction in TG2 in ectosomes ( Figure 8D ). Collectively, these results indicate that TG2 is transported into exosomes and ectosomes and that this pathway is stimulated by profibrogenic TGF-b1 in exosomes.
Recruitment of TG2 in Exosomes Depends on SDC4
Another protein that we found specifically present in TG2 UUO interactome is the cell surface HS proteoglycan SDC4 (Table 1) . Syndecans have been reported to bind cargo with HS chains, leading to their clustering and recruitment of syntenin-1 and Alix for membrane budding with exosome formation. 34 Therefore, we hypothesized that TG2 may be recruited as an HS binding cargo and targeted to exosomes by SDC4. To test the role of SDC4 in EV-associated TG2 secretion, NRK52E-expressing EGFP-TG2 was transiently transfected with either rat SDC4-targeting siRNA or scrambled control siRNA. SDC4 reduction by SDC4-targeting siRNA (SDC4 KO) was confirmed by Western blotting of the TL ( Figure 9A ). As a control for the proteoglycan immunodetection (which is notoriously difficult), NRK52E transiently transfected with a hemagglutinin (HA)-tagged SDC4 construct revealed a similar band in the 30-kD range when probed with anti-HA antibody ( Figure 9B ). Culture medium was collected from the SDC4 KO cells and EV fractions separated by serial centrifugation. Proteins and complexes from EV-deprived medium were precipitated by TCA as described before. As shown in Figure  9C , KO of SDC4 by siRNA did not change TG2 expression in TL, but it greatly reduced TG2 in exosome (P4) fractions, affecting the vesicular secretion of TG2. SDC4 KO also reduced the low level of free TG2 found in the EV-free conditioned medium (S4) ( Figure 9C ). As shown by quantifications ( Figure 9D ), KO of SDC4 by siRNA did not change expression of FLOT in ectosome (P3) and exosome (P4) fractions. IP of SDC4 from exosomes and ectosome lysates revealed SDC4 immunoreactivity in the two fractions, but SDC4 clearly pulled down TG2 only from exosomes ( Figure 9E ), suggesting a direct interaction of TG2 and SDC4 within EVs only in exosomes. Given the affinity of TG2 for the HS chains of SDC4 13, 35 and their coassociation within exosomes shown here, our data suggest that TG2 is recruited as an HS binding cargo and targeted to exosomes by SDC4.
Vesicular Trafficking of TG2 Ex Vivo Depends on SDC4
To examine TG2 release and investigate the role played by SDC4 further, primary cortical TECs, fibroblasts, and mesangial cells were isolated from WT (SDC4 +/+ ) and SDC4 KO (SDC4 2/2 ) mice, 36 and the level of extracellular TG2 was measured in live cells by a well established enzymatic assay. 37 SDC4 deletion (SDC4 2/2 ) resulted in lower TG2 externalization in all of the three primary renal cell types ( Figure 10A) , with no changes in the total level of TG2 activity between SDC4 +/+ and SDC4
2/2
genotypes ( Figure 10B ). TECs displayed the highest level of extracellular TG2 compared with the total TG2 activity ( Figure  10, A and B) . The decreased TG2 externalization in SDC4
2/2 cells ( Figure 10A ) was accompanied by a lower level of membrane TG2 as measured by Western blotting of membrane fractions ( Figure 10C ) and an increased level of cytosolic TG2 ( Figure 10D ), suggesting TG2 retention. Total TG2 expression was not lowered by SDC4 KO when revealed by Western blotting of TLs ( Figure 10E ). The increment in total TG2 protein in SDC4 2/2 mesangial cells, compared with SDC4
+/+ cells, may be a compensatory event of TG2 overproduction consequent to the defect in TG2 secretion ( Figure 10E ). Therefore, SDC4 KO impaired TG2 membrane distribution and externalization, with an increased retention of intracellular TG2 in the three primary renal cell types. To visualize TG2 trafficking in live cells, the primary WT and SDC4-null TECs were transiently transfected with an EGFPtagged TG2 cDNA and visualized by live confocal microscopy (Supplemental Movie 1). EGFP-TG2 was recruited in globular elements continuously protruding and retracting from the PM and moving along the PM at the periphery of the cell. Budding of TG2-storing vesicles from the PM was evident. However, EGFP-TG2 was less dynamic and appeared confined in the cytosol in the SDC4-null TECs, which also had less budding activity than the WT TECs. When SDC4 cDNA was transfected back to SDC4-null TECs, EGFP-TG2 vesicular blebbing was largely resumed, and budding was reconstituted to WT levels (quantifications of extracellular TG2 activity are in Figure 10F , Supplemental Movie 1). These data show for the first time a dependence of TG2 vesicular trafficking on SDC4 and also suggest that SDC4 could be implicated in general EV dynamics of TECs involving cargo proteins with affinity for HS, like TG2.
TG2 Positive Exosomes in Urine Samples of Patients with CKD
To verify whether TG2 is released via exosomes in human CKD, we isolated EVs from pooled urine samples collected from a small cohort of patients with CKD (n=10) with stages 3 and 4 primary kidney disease and from healthy controls (n=5). Immunoblotting of equal amounts of samples (Supplemental Figure 4 ) revealed the presence of TG2 exclusively in the exosomes (P4) fractions, with an intensification of the band in the exosomes from the patients with CKD. There was no TG2 band in the ectosomes (P3) or the EV-free urine. FLOT was used as an EV marker, and it also intensified in the exosomes of patients with CKD. We previously reported the increased presence of TG2 in urines of patients with CKD by sandwich ELISA. 38 Data in this study show that TG2 is conveyed by EVs in urines, validating our finding in human CKD.
DISCUSSION
This is the first unbiased global analysis of TG2-interacting proteins in a model of CKD (the murine UUO type). TG2-associated proteins were identified using an original targeted proteomic strategy by combining TG2 IP from whole-kidney membrane preparations of WT kidneys with negative control Figure 7 . TG2 is present in vesicles of endosomal and plasma membrane origin in established TEC lines. (A and B) NRK52E-expressing EGFP-TG2 and (C) WT NRK52E cells were grown in serum-free medium for 36 hours (A) without and (B and C) with supplementation of 10 ng/ml TGF-b1. After incubation, culture medium was collected, and vesicular fractions (P3 and P4) were separated by serial centrifugation as shown in Figure 6 . Proteins from vesicles-deprived medium were concentrated by TCA precipitation (S4). Fractions and cell lysate (TL) were immunoprobed with primary antibodies toward the EGFP tag, TG2, or FLOT2. Intensity of immunoreactive bands was quantified by densitometric analysis and normalized to FLOT2 expression. Data represent mean values of three independent experiments 6SEM. Black arrowhead, endogenous TG2; white arrowheads, EGFP-TG2. *TG2 polymers. (D) EVs obtained from NRK52E EGFP-TG2 conditioned medium were either lysed in a mild lysis buffer to obtain a total lysate or resuspended as intact vesicles in sample buffer (from a tissue transglutaminase picoassay kit). The transamidating activity of TG2 was measured in either the whole EVs or the EV lysate by a sensitive "picoassay." As a control, TG2 activity was also measured in TL and whole cells. Data represent mean values of three independent experiments 6SEM.
IP from TG2-null kidneys from inbred mice. Furthermore, TG2 complexes have been used to interrogate the UUO proteome. Proteomes were resolved by SWATH data-independent acquisition MS. 18 The proposed strategy could be adapted for precision-targeted proteomics in other systems. Bioinformatic analysis of the TG2-associated proteins in the UUO model revealed enrichment of proteins involved in vesicular transport, and among them, a striking number were exosome-associated proteins. Because the TG2 partners involved in vesicular trafficking were not increased in the UUO proteome compared with the healthy proteome, we deduce that their function in TG2 trafficking is caused by their augmented interaction with TG2 on UUO, excluding the possibility of a concentration-dependent association. However, almost all proteins regulating ECM receptor organization and actin dynamics that we found significantly upregulated in the UUO proteome were also TG2-interacting proteins in the UUO. Collectively, these findings suggest the existence of a pathway of TG2 secretion during fibrosis progression driven by vesicular trafficking followed by the interaction of secreted TG2 with a protein network responsible for ECM dynamics, leading to fibrotic remodeling and expansion. The diminished scarring index and lower level of active TGF-b in the TG2 KO kidneys that we have reported here align well with the molecular connections that link TG2 to the fibrotic kidney proteome generated by this study, confirming the role of TG2 in the extracellular milieu in fibrosis progression.
By exploiting the MS data in vitro and ex vivo, we have uncovered a novel pathway for the cellular export of TG2 in TECs. We have shown that TG2 is predominantly secreted in association with exosomes and that TG2-bearing exosomes require the sphingolipid ceramide for their production. Furthermore, TG2 enrichment in exosomes is stimulated by TGFb1, although on the basis of quantifications of exosomes via FLOT, a well characterized EV marker and partner of TG2 in vivo post-UUO, we cannot rule out a general increase in EV production by TGF-b1. Exosomes form from endosomes by budding into late endosomes (multivesicular bodies), which then fuse with the PM, releasing intraluminal vesicles or exosomes. 39 The endosomal sorting complex required for transport (ESCRT) machinery is the main system controlling the sorting of proteins into exosomes. 39 Loading of syndecan HS proteoglycans (SDC1 and SDC4) with intracellular cargos able to bind the proteoglycan HS chains leads to syndecan clustering and recruitment of cytosolic adaptor protein syntenin-1, which by direct interaction with Alix, adapts syndecan and syndecan-bound cargoes to the ESCRT at the level multivesicular body formation. 34 In recent work, even TG2 itself has been implicated in cargo recruitment to vesicles and is present in exosomes in situations of abnormal proteostasis in an MEF model. 40 TG2 is an HS binding protein, and HS affects TG2 trafficking as shown in previous work 12, 13, 35, 41 ; consistent with this observation, SDC4 emerged as a specific partner of TG2 in the UUO kidney in this unbiased analysis. We and others have previously identified SDC4 as a profibrotic partner of TG2 8, 12, 13 influencing its secretion but without a clear mechanism. Here, we have for the first time unraveled that the interaction of TG2 with HS SDC4 may play a fundamental role in the targeting of TG2 to exosomes. SDC4 and TG2 were coimmunoprecipitated from exosomal lysates, and SDC4 was required for exosomal secretion of TG2, this being greatly diminished by siRNA targeted to SDC4. Ex vivo, live imaging of primary cortical TECs from SDC4 KO kidney showed reduced vesicular trafficking of TG2 to the cell surface, which was compensated by SDC4 add back. TG2 was retained in the cytosolic fraction not only of SDC4 KO TECs but also, of primary fibroblasts and mesangial cells isolated from SDC4 KO kidneys, suggesting that SDC4 regulates TG2 distribution in all of the main renal cell types. In vivo, SDC4 was a TG2-interacting partner only in the diseased kidney, consistent with Figure 8 . EV release of TG2 is reduced by inhibition of exosome and ectosome synthesis. (A) Exponentially growing NRK52E-expressing EGFP-TG2 cells were cultured in serum-free medium supplemented with GW4869 (10 mM; +) or DMSO (vector; 2) for 16 hours. TL, ectosome (P3), and exosome (P4) fractions were blotted with anti-GFP (EGFP) and anti-FLOT2 antibodies. Band intensities per area measured by densitometric analysis are shown underneath the blots. (B) NRK52E EGFP-TG2 cells were grown in an eight-well chamber with and without 10 ng/ml TGF-b1 and treated with GW4869 as described in A. Extracellular EGFP-TG2 was detected in cells fixed by paraformaldehyde (3% [wt/vol]) but not permeabilized using a rabbit polyclonal anti-GFP antibody followed by a goat antirabbit Alexa Fluor 568 antibody (red). Nuclei were stained with 49,6-diamidino-2-phenylindole (blue). The green fluorescence denotes total EGFP-TG2. Representative confocal microscopy sections (10 mm) are presented, and they were acquired by a Leica TCS confocal microscope. White arrows identify the cell perimeter. Extracellular EGFP-TG2 was quantified by ImageJ intensity analysis on at least eight nonoverlapping images per treatment and is presented as mean relative intensity of red (extracellular EGFP-TG2) over green (total EGFP-TG2) 6SEM expressed relative to the control cells without GW4869 (equalized to one). *P,0.05; **P,0.01; ***P,0.01. (C) Exosomes from NRK52E EGFP-TG2 cells were isolated and incubated on a monolayer of WT NRK52E cells for 3 hours. Cells were washed three times in PBS and fixed in paraformaldehyde, but they were not permeabilized. EGFP fluorescence (green) was clearly visible in particles with estimated diameter of ,0.5 mm. Nuclei were stained with 49,6-diamidino-2-phenylindole. Pretreatment of the NRK52E cell monolayer with heparitinase (+Hep) to digest cells surface HS chains led to a decrease in the uptaken EGFP-TG2-bearing exosomes. (D) NRK52E-expressing EGFP-TG2 cells were exposed to 1 mM amiloride for 10 minutes in serum-free medium. TL, ectosome (P3), and exosome (P4) fractions were blotted with anti-GFP and anti-FLOT2 antibodies. Band intensities per area were measured as described in A.
the notion that TG2 is secreted during fibrosis progression and only found in low amounts extracellularly in the normal kidney. 4, 20 Therefore, our data suggest that TG2 would be recruited as an HS binding cargo and targeted to exosomes originating from late endosomes by SDC4. After secreted in the extracellular environment, TG2 meets the high calcium and low trinucleotide phosphates concentrations, which favor the opening of TG2 and the acquisition of a linear conformation on substrate binding, 42 that we and others have shown to determine loss of heparin binding. 35, 41 Consistent with this idea is the finding of a small portion of free soluble TG2 in our cell experiments and the possibility that TG2 and/or EVbound TG2 may be transferred to HS of other receptor molecules in response to local changes in calcium levels in an autocrine or paracrine fashion (Figure 11 ). For instance, perlecan is an ECM HS proteoglycan exclusively found in the TG2 UUO interactome, which could further recruit and distribute TG2 in the matrix via the long HS chains. Furthermore, we have shown that exosomal TG2 could be transferred horizontally from the extracellular environment to TECs and that HS chains of proteoglycans are required for the trafficking of TG2-rich exosomes. TG2 was also detected in ectosomes, larger vesicles that bud directly from the PM, although in much lower proportion than in exosomes. There was no clear coprecipitation of SDC4 and TG2 from ectosome lysates (only from exosome lysates), implying that SDC4 has no role or an indirect role in recruiting TG2 to ectosomes.
The role played by EVs in disease is of growing importance, although the field is novel. Exosomes function in intercellular and interorgan communication by transferring proteins, mRNAs, and microRNAs to recipient cells. 43 In seminal work, it was shown that hypoxic tubular cells but not normoxic counterparts secreted EVs that induced the expression of TGF-b1, a-SMA, and F-actin in fibroblasts, inducing their subsequent activation. 44 Therefore, it is clear that EVs cooperate in spreading and amplifying cell differentiation, leading to sustained fibrosis. 43, 44 Transfer of exosomal cargo to neighboring cells allows tuning of cell behavior and rapid phenotypic adjustment, including activation of fibroblasts into myofibroblasts. 44 Given the location of TG2 outside exosomes and specific interaction of TG2 with cell surface SDC4, it is plausible that, after released, TG2 could assist in the cellcell trafficking of exosomes, therefore influencing the transfer of pathologic molecules conducive of fibrosis. Furthermore, the topology of TG2 on the outside of EVs would suggest that it may also serve an adhesive function, which is an additional important factor in the chronic healing process underlying fibrosis development. This suggestion is in line with the adhesive role played by TG2 45 and recent evidence that exosomes influence cell migration by serving as adhesive sites in the matrix. 46 TG2 is associated with wound healing and organ fibrosis, but what makes it an attractive target is that the enzyme is only activated in disease on externalization. Therefore, inhibition of TG2 is anticipated not to have an adverse effect in normal cells. We have begun our investigation from an in vivo model of CKD providing a global analysis of the TG2 interactome present at the interface between cells and the ECM niche-surrounding cells and compared this with the CKD model proteome in an unbiased manner. Our approach, which does not rely on chemical crosslinking, has not detected integrin 16 or purinergic receptor 17 as TG2 secretion partners in fibrotic kidney or attributed TG2 release to PM vesicular shedding as is observed in cancer, 47 but it has identified exosome secretion as a key novel mechanism for the cell surface trafficking of fibrogenic TG2 in an SDC4-dependent manner. The presence of TG2 in urinary exosomes from a pool of patients with CKD has confirmed the importance of the finding in human pathology. Our study changes the way that TG2 cell surface trafficking is seen and suggests that therapeutic block of vesicular TG2 could potentially impede TG2-driven matrix accumulation and exosome-mediated transfer of TG2 from cell to cell during fibrosis progression.
CONCISE METHODS
Experimental details are provided in Supplemental Material.
Experimental Models
Experimental UUO 48 was performed on fully backcrossed TG2 2/2 (TG2 KO) mice originally obtained from Gerry Melino 49 and WT inbred C57BL/6J mice as described before 12 and in Supplemental Material. A total of 32 WT and 32 TG2 KO mice were used, of which 16 per genotype were subjected to either UUO or sham operation. Therefore, four groups of 16 mice were obtained: WT UUO, WT sham, TG2 KO UUO, and TG2 KO sham. The UUO and sham proteome required lysate from one half of a kidney per animal and was carried out in kidneys from four mice per group. Kidneys were halved longitudinally pole to pole through the papilla. Each one half was then cut transversally to provide four identical quarters, with equal cortex and medullary mass in each. The TG2 interactome required two full organs per IP and was carried out in kidneys from 12 male mice per group. Western blotting analysis required one quarter of kidney per animal and was performed using kidneys from three male mice per group as described before. 8 Optimal size of biologic replicates for the UUO and sham proteome analysis was determined by a power calculation within Statistica software (Dell), and n=4 individuals per treatment were sufficient to power the experiment above 80%. In keeping with the principle of animal reduction, male and female mice kidneys were used for general proteomics (one male and three female). Linear regression analysis was performed on protein peak areas after SWATH acquisition MS and confirmed that the variability in protein intensities produced by the male mice was not higher than the intrinsic biologic variability detected among the female (P#0.05; mean standard residuals $5 
Fibrosis Measurement
The level of fibrosis was assessed by Masson trichrome staining as previously described. 50 
TGF-b Activity
The mink lung epithelial cell bioassay 51 was performed as described before. 12,52
Isolation of TG2 Membrane Complexes and Data Acquisition by MS
To isolate TG2-associated proteins from kidney fractions, 10% (wt/ vol) kidney homogenates were prepared from WT and TG2 KO kidneys, UUO and sham operated, by mechanical homogenization performed on ice using an Ultra Turrax T25 homogenizer (Merck) in homogenization buffer (0.25 M sucrose, 10 mM Tris-HCl, 1 mM MgCl 2 , and 2 mM EDTA, pH 7.4) containing protease inhibitor cocktail (Sigma-Aldrich). The whole homogenate was centrifuged at 10003g for 5 minutes at 4°C to remove larger particulates; then, membranes were separated from the cytosolic fraction by centrifugation at 20,0003g at 4°C for 30 minutes as previously described. 12 The pellet (crude membrane fraction) was resuspended in IP buffer (25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% [vol/vol] NP40 detergent solution, and 5% [vol/vol] glycerol, pH 7.4) containing protease inhibitor cocktail and membrane enrichment validated by Western blotting. TG2 with associated proteins was immunoprecipitated from the membrane fraction using the Pierce crosslink magnetic IP kit (Thermo Scientific) by protein A/G magnetic beads to which anti-TG2 antibody (IA12; University of Sheffield) was crosslinked using disuccinimidyl suberate. Incubations of membrane lysates with the antibody-coated beads were performed for 15 hours at 4°C in constant rotation. TG2-associated proteins were subjected to trypsin digestion directly on the beads after washing the beads three times with 50 mM ammonium acetate and incubating for 15 hours with 200 ng/ml of proteomics-grade trypsin (Sigma-Aldrich) in 50 mM ammonium acetate. Peptides were analyzed by MS on removal of the beads using a magnetic stand, by RP-HPLC-ESI-MS/ MS using a TripleTOF 5600+ mass spectrometer (SCIEX) in datadependent acquisition mode for spectral library construction, and in SWATH 2.0 data-independent acquisition mode using static SWATH acquisition windows for quantification as described in Supplemental Material. The MS proteomics data have been deposited in the ProteomeXchange Consortium (http://proteomecentral.proteomexchange. org) via the PRIDE partner repository 53 with the dataset identifier PXD008173. To define proteins significantly associated with TG2, a ztest statistical analysis was performed using TG2 IP from TG2 KO kidney membranes as negative controls. Five independent TG2 IP experiments were carried out, each on the basis of a lysate of two kidneys. The obtained interactome has been submitted to the database for CKD-related expression data CKDdb 54 (http://www.padb.org/ ckddb/) with the dataset identifier ExpGFEVabf79st4na.
The UUO Kidney Proteome UUO and sham kidney halves were ground in liquid nitrogen, and a 10% (wt/vol) tissue homogenate was prepared in lysis buffer containing 9.5 M urea, 2% (wt/vol) dithiothreitol, 1% (wt/vol) N-octylb-glucopyranoside, and protease inhibitors (Sigma-Aldrich) with sonication. Equal amounts of total protein extracts (50 mg) using selective growth medium. (A) Extracellular TG activity was measured by a well established assay in live cells (4310 4 cells per well of a 96-well plate) cultured on FN in the presence of the TG substrate biotin-cadaverine for 1 hour. Data represent mean Abs (450 nM) 6SD of three independent experiments undertaken in triplicates. (B) Total TG activity was similarly assayed but using whole cell lysate (60 mg per well) and specific activities obtained from a standard curve of purified TG2. Data represent mean TG activity 6SEM of three independent experiments undertaken in triplicates. (C-E) TG2 was probed by Western blot using a mouse monoclonal anti-TG2 antibody (IA12) and quantified by densitometric analysis on (C) cell membrane extracts, (D) cytosolic proteins, and (E) TLs. In each experiment, either Na + /K + ATPase or b-tubulin was used as the loading control. Data represent mean intensities normalized for the loading control 6SEM; n=3 per group. (F) Extracellular TG activity was measured as described in A in WT and SDC4 KO (SDC4 2/2 ) primary TECs. Where indicated, SDC4
KO cells (SDC4 2/2 ) were transfected back with pcDNA3-hSdc4 plasmid or subjected to mock transfection (with transfection efficiency of approximately 30%). Data represent mean Abs (450 nM) 6SEM; n=3 independent experiments undertaken in triplicates. *P,0.05; **P,0.01; ***P,0.01.
were diluted in 50 mM triethyl ammonium bicarbonate containing a final concentration of 0.02% (wt/vol) ProteaseMAX surfactant (Promega). Proteins were subjected to reduction (5 mM dithiothreitol at 56°C for 20 minutes) and alkylation (15 mM iodoacetamide at room temperature for 15 minutes), and then, they were trypsin digested overnight at 37°C with 0.02 mg/ml MS-grade trypsin (Promega) and 0.01% (wt/vol) ProteaseMAX surfactant in a thermomixer. Samples were vacuum concentrated to dryness and resuspended in 20 ml of 5% (vol/vol) acetonitrile/0.1% (vol/vol) formic acid for MS analysis. SWATH data-independent acquisition MS was performed on the obtained peptides using variable SWATH windows. The MS proteomics data have been deposited in the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository 53 with the dataset identifier PXD008173. Analysis of differentially expressed proteins was performed using the OneOmics cloud processing online platform (SCIEX) as described in Supplemental Material. Proteome data have been submitted to CKDdb 54 (http:// www.padb.org/ckddb/) with the dataset identifier ExpGFEVyz6gt389dy.
Primary and Immortal Cell Lines
Tubules and glomeruli were isolated from WT and SDC4 2 /2 (SDC4 KO) 36 C57BL/6J mice by perfusion of kidneys in situ with BSAinactivated Dynabeads and subsequent magnetic separation, and they were cultured as previously described and detailed in Supplemental Methods. 55 Primary cortical TECs grew out from tubules in selective medium with insulin, transferrin, selenium, and EGF in 0.5% (vol/vol) FBS to cause proliferation of just epithelial cells and not fibroblasts (grown out in medium with 10% FBS); primary mesangial cells were derived from glomeruli in RPMI-1640 containing 20% (vol/vol) FBS. Media composition is detailed in Supplemental Material. NRK52E rat renal proximal-like TECs and NRK49F renal fibroblasts were obtained from the European Cell Culture Collection and maintained in DMEM supplemented with 5% (vol/ vol) or 10% (vol/vol) heat-inactivated FBS, respectively.
Plasmid Constructs and Transfections
The following constructs were prepared: pEGFP-N1-TG2, where TG2 cDNA was fused in frame to the N terminus of EGFP in pEGFP-N1 plasmid Figure 11 . The proposed pathway of TG2 cell surface trafficking in TEC during fibrosis progression involves TG2 targeting to exosomes from late endosomes by SDC4. TG2 is secreted unconventionally by exosomes originating from late endosomes as multivesicular bodies (MVBs), which then fuse with the PM, releasing the intraluminal vesicles outside cells. (A) The biogenesis of TG2-bearing exosomes is mediated by ceramide, because the inhibitor of N-SMase GW4869 significantly reduces the presence of TG2 in the exosome fraction. TG2, which has high affinity for HS, is loaded on the surface of the intraluminal vesicle as an HS/SDC4 cargo, and it is exposed on the surface of the formed exosome. (B) After fusion of the outer membrane of MVB with PM, the TG2-bearing exosomes likely accumulate in the ECM by TG2 binding to ECM/cell surface protein partners in an "autocrine" or "paracrine" fashion. (C) After released with exosomes, TG2 could also undergo a conformational change and linearize because of the high Ca 2+ -to-GTP ratio of the extracellular space, with a lowering or even loss of HS affinity; the free TG2 could bind the HS of other proteoglycans or other ECM partners. (D) In the matrix, TG2 acts as an adhesive protein and matrix crosslinker, promoting fibers accumulation and latent TGF-b1 recruitment. (E) TG2 is also present in ectosomes. It is possible that TG2, after it is secreted via exosomes, is captured by the PM and retained on ectosomes shed by the PM. ER, endoplasmic reticulum.
(Clontech), and pcDNA3.1(+)-hSdc4, where HA-Sdc4 cDNA (HA downstream of the leader peptide provided by Mark Bass, Sheffield University) was subcloned from pBluescript in pcDNA3.1(+). All constructs were verified by Sanger sequencing. Cell transfection was performed by TransIT (Mirus Bio). NRK52E was stably transfected with pEGFP-N1-TG2 in medium supplemented with 700mg/ml G418, as previously described, 56 by using electroporation (Amaxa Nucleofector). SDC4 was knocked down by transient transfection with 100 nM rat SDC4-targeting siRNA or scrambled control siRNA (Dharmacon; Thermo Scientific) for 48 hours using DharmaFECT as transfection reagent.
EV Isolation and Characterization
EVs were isolated from conditioned medium of cells by differential centrifugation as described. 24, 25 Nanoparticle tracking analysis by tunable resistive pulse sensing was performed using qNano (Izon) to examine microparticle size and distribution. In some cases, cells were stimulated by recombinant TGF-b1 (10 ng/ml) to simulate conditions of fibrogenesis in vitro. The EV inhibitor N,N9-Bis[4-(4,5-dihydro-1 H-imidazol-2-yl)phenyl]-3,39-p-phenylene-bis-acrylamide dihydrochloride, GW4869 (D1692; Sigma-Aldrich) was used as an inhibitor of N-SMase 57 and exosome biogenesis 26 at a concentration of 10 mM in serum-free medium for 16 hours. Amiloride hydrochloride (N-Amidino-3,5-diamino-6-chloropyrazinecarboxamide hydrochloride hydrate; A7410; Sigma-Aldrich) was used at a concentration of 1 mM for 10 minutes. For IPs from EV lysates, the Pierce crosslink magnetic IP kit was used followed by Western blotting.
Detection of TG2 in Cell Fractions by Western Blotting
Cells were fractionated into membrane and cytosolic fractions, and TG2 was detected as described before. 12, 13 Measurements of TG2 Activity at the Cell Surface of Live Cells, in Cell Fractions, and in EVs TG2 activity associated with the extracellular surface in cells in culture and total TG2 activity in cell homogenates and fractions were assayed by measuring the incorporation of biotin-cadaverine into FN by calcium-dependent transamidation as previously described. 13 EVs TG2 activity was measured in both EVs lysed in a sucrose-based buffer (0.32 M sucrose, 5 mM Tris-HCl, and 2 mM EDTA, pH 7.4) with protease inhibitor cocktail and intact EVs kept in suspension in sample buffer (Zedira) using the commercially available tissue transglutaminase picoassay kit (Zedira).
